In this study, the mixing of a composite solid propellant production was investigated. Usually, propellant is mixed in batches during multi-batch processing. In this work, we demonstrated that continuous mixing with a peristaltic pump containing an artificial muscle actuator could replace batch mixing, resulting in a safe, efficient manufacturing process. In continuous mixing systems, it is important to consider the correlation between the degree of mixing of the propellant slurry and the operational variables of the pump, and we focused on the air feed pressure variable.
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Introduction
Recently, rocket development has reached a major turning point. Huge cost reductions in launching rockets have been achieved based on new technologies. For example, the Falcon 9, manufactured by Space X, has a reusable first stage. The VEGA solid rocket, developed by the Italian Space Agency and the European Space Agency, has the lowest launch costs of any solid rocket and excellent performance in deploying payloads in orbit.
Rockets like the Falcon 9 and VEGA must compete in the international market as globalization of space use continues, and the technology must meet the needs of future transportation systems that require frequent, inexpensive rocket launches. The demand for rocket manufacture will increase dramatically; therefore, the productivity of manufacturing process for solid rockets should be improved and a continuous process developed.
Solid rocket manufacturing process consists of three stages: mixing solid propellant slurry; casting the slurry in the solid rocket motor case; and curing the solid propellant. In this work, we focus on mixing because it is the most important process for achieving continuous solid rocket manufacture.
Solid propellant slurry is produced by mixing oxidizer powder, metallic fuel powder, prepolymer and additives. For ammonium perchlorate (AP)-based propellant, which is the most widely used solid propellant, aluminum powder is used as a fuel. AP powder is the oxidizer and contains AP particles with three average diameters and aluminum particles (Al). The binder is hydroxyl-terminated polybutadiene (HTPB). Plasticizers, such as dioctyl adipate (DOA), can also be added. Propellant slurry is highly viscous, and thus is usually mixed in a batch mixer with stirring blades (Fig. 1) . For continuous manufacture, the batch mixer must be replaced with a continuous processing system.
Aerojet has started to mix composite solid propellant slurry continuously, and from 1997 to 1999, the solid booster for the Arianespace Ariane V rocket and the NASA Advanced Solid Rocket Motor, were made with a continuous process, demonstrating the importance of the method. 1) Even though continuous mixing has been used successfully in these programs, it is still not used industrially. The main reasons are that processing safety and the solid propellant quality, particularly particle dispersion and bubbles in the slurry, are currently monitored for each batch. To solve this problem, mixers that produce excellent particle dispersion and that are safe must be developed. Previous continuous mixers used high sheer stress with screws, and thus could not provide sufficient safety standards or particle dispersion. In this work, we develop a peristaltic continuous mixer that is safe and provides wellmixed propellants.
Continuous Mixing with Artificial Muscles
We developed a peristaltic pump (Fig. 2   2) ) for continuous, safe, and efficient mixer. The pump is modeled on two peristaltic motions of the intestines, segmental movement and pendulum movement. The outside part of this mixer is made from an artificial muscle, and the inside part is a cylindrical tube. Generally, the air inside chamber is fed. The artificial muscle and the tube are expanded by pressurizing the chamber to imitate peristalsis. The pump can mix high-viscosity and multiphase fluids, and it has also been used as a continuous mixer 3) . The pump is safer than conventional mixers, because it does not generate high sheer stress; the propellant is contained in the rubber tubing and is never in contact with metal avoiding the risk of fire; and the air feed and the rubber tubing should prevent propellant explosions. Therefore, the continuous mixing process is optimal for mixing propellants with a homogeneous particle dispersion.
The pump variables for continuous mixing are as follows. a) Cylindrical tube inside diameter b) Pump length c) Number of pump units d) Pump operation method e) Air feed pressure Now, the inside diameter is 60 mm and the pump length is 100 mm. Those will be optimized in future. The pump can operate with rhythmic segmentation or pendulum peristaltic motion (Fig. 3) . Rhythmic segmentation movement transports the fluid in the pump, with a motion similar to that of the pendulum motion with both closed side. The operation method and the air feed pressure are the most important operational variables.
Yoshihama et al. reported that the pendulum movement is good for mixing high-viscosity slurry 3) . During this movement, slurry flows to the closed side and is mixed in the closed area by the backflow. The slurry's flow pressure is related to the air feed pressure. Therefore, the effect of the air feed pressure should be considered to control and evaluate the propellant mixing process with the closing area.
Objective
The main objective of this study is to evaluate the peristaltic pump for use in continuous mixing systems for solid propellant slurry. The correlation between the control function of the propellant slurry and air feed pressure (Pa) of the pump were considered as an instrumental variable for mixing.
The slurry viscosity (ps) and slurry temperature (Tps) were investigated for the control function. Viscosity is usually evaluated for the mixer, and the slurry temperature is important for both productivity and safety during propellant slurry production.
Experimental
Measurement of the solid propellant viscosity
HTPB prepolymer, Al powder ( 5 m), AP powder with three different particle diameters ( 50, 200, 400 m), and DOA were mixed. During mixing, the slurry temperature was controlled by a mantle heater. The propellant slurry (200 g) was mixed in the ratio HTPB:DOA:Al:AP = 13:1:18:68. The ratio of AP with three diameters is 400 m: 200 m: 50 m = 60: 15: 25. The viscosity of the slurry (ps) was measured by a vibration viscometer (VM-10A-H, Sekonic) at controlled slurry temperatures (Tps). The viscometer and thermocouple were used for controlling continuous mixing.
Mixing with the peristaltic pump
A room-temperature slurry that easily simulated the propellant slurry at 60-70 °C without temperature dependence was made from HTPB, glass beads (GB) with three different particle diameters ( 50, 200, 400 m), and DOA in the ratio HTPB:DOA:GB = 23:2:75. The ratio of GB with three diameters is 400 m: 200 m: 50 m = 60: 15: 25. The 3)
composition of GB was similar to that of AP in the propellant slurry. The propellant simulated slurries were mixed with the peristaltic pump driven by various pressures. The pump consisted of two units with the axial direction perpendicular to the horizontal surface (Fig. 4) . The simulated slurry was mixed with 180 pendulum movements of the pump, and then the slurry viscosity (ss) was measured with the vibration viscometer. The slurries were mixed by hand and their viscosities were measured with the same viscometer to compare the reliability of the mixing processes.
Results and Discussion
5.1.
Correlation between the temperature, Tps, and viscosity, ps, of the propellant slurry
The correlation between Tps and viscosity, ps, of the slurry is shown in Fig. 5 . At 50.5 °C, the viscosity was 212 Pa·s, and it decreased exponentially by 154.3 Pa·s. to 57.7 Pa·s at 58 °C. As the temperature increased from 58 to 69.0 °C, the viscosity decreased to 49.9 Pa·s . At lower propellant viscosities, propellant mixing and casting are easier. An efficient method for producing solid propellant requires the viscosity of the slurry to be decreased. Thus, the slurry should be mixed above 58 °C. However, as the temperature increased above 58 °C, the change in viscosity was negligible. The average rate of decrease per 5 °C above 58 °C was 4.4 Pa·s compared with 69.3 Pa·s between 50 and 58 °C. The upper limit temperature is affected by factors other than viscosity such as safety during the production process and heat control of the mixing.
Dependence of slurry mixing on air feed pressure
The viscosity of the slurry in the center of the pump at different air feed pressures is shown in Table 1 and Fig. 6 . The slurry mixed by hand had a viscosity of 55.6 Pa·s. After pump mixing, the slurry was then mixed by hand until the viscosity changed small. The viscosities after hand mixing are also shown in Table 1 and Fig. 7 . When the pressure was 10 and 30 kPa, the viscosities decreased to 30.6 and 48.2 Pa·s respectively. However, when the pressure was 50 kPa, the viscosity was almost constant. These results show that the pump mixing depended on pressure Pa. Therefore, we reached the following conclusions.
1. The slurries that were mixed by the pump and by hand were completely mixed at 50 kPa. When the air feed pressure was 10 or 30 kPa, the mixing was not complete. Therefore, the slurry would be decreased by the hand mixing. When the pressure was 10 or 30 kPa, the slurry mixed completely by hand had a lower viscosity than expected (55.6 Pa·s). This indicates that the sample from the middle of the pump is binder-enriched slurry.
These points suggest that the pump driven by low air feed pressure cannot mix efficiently and transport the powder adequately. At a pressure of 10 kPa, the GB remained at the side of the pump.
The degree of particle dispersion and powder transport is called the degree of mixing. The degree of mixing is expressed by the standard deviation of the viscosities from some measuring points into the mixer. After the pump mixing, six samples were taken from the middle and side of the pump. Then, the standard deviation of the viscosities were calculated for each air feed pressure (Fig. 7) . When the pressure was 10 kPa, the deviation was 156 with the GB powder remaining at the side. As the pressure increased to 50 kPa, the deviation decreased to 9.5. Figure 7 shows how the change in the pump caused by the air feed affects the mixing and the powder transport efficiencies. As the chamber is pressurized, it expands and presses the slurry, closing the pump tube. Saito et al. showed that the pump tube was closed by the air feed pressure. 4) Above 30 kPa, the pressure was the main parameter for tube closing and made the pump internal volume negligible. Therefore, they proposed that at the closed side of the pump, there was an area of high pressure and turbulent flow created by the chamber expanding and the artificial muscle enveloping the pump.
Summary
Mixing of solid propellant slurry with a peristaltic pump requires a sufficient air feed pressure. The pressure created an area of high pressure and turbulence on the closed side of the pump where the high-viscosity slurry was mixed well.
